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Gauss-Bonnet Chameleon Mehanism of Dark Energy
Yusaku Ito and Shin'ihi Nojiri
Department of Physis, Nagoya University, Nagoya 464-8602, Japan
As a model of the urrent aelerated expansion of the universe, we onsider a model of the salar-
Einstein-Gauss-Bonnet gravity. This model inludes the propagating salar modes, whih might give
a large orretion to the Newton law. In order to avoid this problem, we propose an extension of
the Chameleon mehanism where the salar mode beomes massive due to the oupling with the
Gauss-Bonnet term. Sine the Gauss-Bonnet invariant does not vanish near the earth or in the Solar
System, even in the vauum, the salar mode is massive even in the vauum and the orretion to
the Newton law ould be small. We also disuss about the possibility that the model ould desribe
simultaneously the ination in the early universe, in addition to the urrent aelerated expansion.
PACS numbers: 95.36.+x, 98.80.Cq
I. INTRODUCTION
We now believe the aelerated expansion of the urrent universe [1, 2, 3℄ (for reent reviews, see [4, 5, 6, 7, 8℄). One
senario to explain the aelerated expansion is to introdue unknown matter/energy alled dark energy. Another
senario is to modify the Einstein gravity. As a senario of modied gravities, there have been proposed many kinds of
models, like F (R)-gravity (for review, [7, 8℄), and the salar-Einstein-Gauss-Bonnet gravity [9℄. There are other many
kinds of senarios, like a non-linear higher-derivative one [10℄, phantom oupled to dark matter with an appropriate
oupling [11℄, the thermodynamial inhomogeneous dark energy model [12℄, multiple kineti k-essene [13℄, multi-eld
models (two salar elds model [14, 15, 16℄, quintom onsisting of phantom and anonial salar elds [17℄), and
the desription of those models through the Parameterized Post-Friedmann approah [18℄, a lassial Dira eld [19℄,
string-inspired models [20℄, non-loal gravity [21, 22℄, and a model in loop quantum osmology [24℄ (for a detailed
review, see [6℄).
Many of these models ommonly inlude the propagating salar modes, whih might give a large orretion to the
Newton law. In order to avoid this problem, a senario alled Chameleon mehanism has been proposed [25℄. In the
senario, the mass of the salar mode beomes large due to the oupling with matter or salar urvature in the Solar
System or on and/or in the earth and the orretion to the Newton law beomes very small and annot be observed.
The Chameleon mehanism has been used to obtain realisti models of F (R)-gravity [26℄ (for some related models,
see [27, 28℄). In this paper, we propose a model where the salar mode beomes massive due to the oupling with
the Gauss-Bonnet term. In the previous senarios, where the salar mode beomes massive due to the oupling with
matter or the salar urvature, if we observe the salar mode in the vauum hamber, where any matter does not exist
inside and therefore the salar urvature vanishes, the mass of the salar mode beomes very small and the orretion
to the Newton law ould be observed, even on the earth. We should note that the salar urvature and the Rii
tensor vanish in the vauum but the Riemann tensor and therefore the Gauss-Bonnet invariant do not vanish near the
earth or in the Solar System, even in the vauum. Therefore in the senario proposed in this note, the salar mode is
massive even in the vauum and the orretion to the Newton law ould be small.
In the model proposed in this paper, there is a de Sitter solution, where the eetive osmologial onstant ould be
the order of the dark energy density observed in the present universe. In order to generate suh a very small eetive
osmologial onstant, whih is the order of the square of the present Hubble onstant, we need not so small mass
sale in the ation. The ation only ontains the sales of the order of the Plank sale and the elementary partile
sale with the order of 104GeV. We also show that the de Sitter solution is semi-stable, that is, the model has an
instability of only the order muh larger than that of the age of the universe.
If we properly hoose the parameters in the ation, there appear two de Sitter spae solutions. One may orrespond
to the urrent aeleratedly expanding universe. The Hubble rate of another solution an be the order of the Plank
sale and very large. The solution with the large Hubble rate ould be identied to desribe the ination. The solution
is, however, stable. Then in order to make an exit from the ination, we may add a small term given by another
salar eld oupled with the salar urvature, whih ould be equivalent to the non-loal ation [21, 22℄ and generates
the instability of the de Sitter solution. The added term is relevant only in the epoh of the ination but irrelevant
to the present aelerating
2II. MODEL OF ACCELERATED EXPANSION AND COMPTON LENGTH OF SCALAR FIELD
We start with the following general ation of the Gauss-Bonnet gravity oupled with salar eld φ:
S =
∫
d4x
√−g
[ R
2κ2
− 1
2
∂µφ∂
µφ− V (φ) − f(φ)RGB2
]
−
∫
d4xLmatter
(
ψ
(i)
matter, g
(i)
µν
)
. (1)
Here RGB is the Gauss-Bonnet invariant dened by
RGB2 = R2 − 4RµνRµν +RµνρσRµνρσ . (2)
In (1), κ is the gravitational onstant, V (φ) is the potential of the salar eld φ, and f(φ) is an appropriate funtion of
the salar eld, whih gives the oupling of the salar eld φ with the Gauss-Bonnet invariant. The matter elds are
denoted by ψ
(i)
matter and we assume the salar eld φ ouples with the matter via metri tensor: g
(i)
µν ≡ e2βiφ/MPlgµν .
We should note that Lmatter
(
ψ
(i)
matter, g
(i)
µν
)
is the matter Lagrangian density (pseudo salar).
By the variation of the salar eld, we obtain
∇µ∇µφ = V ′(φ) + f ′(φ)RGB2 +
∑
i
βi
MPl
e2βiφ/MPlgµνT
(i)µν . (3)
Here
T (i)µν =
2√−g
∂L
∂g
(i)
µν
e2βiφ/MPl . (4)
On the other hand, the variation of the metri tensor gives
0 = −MPl
2
2
(
Rµν − 1
2
Rgµν
)
+
1
2
∇µφ∇νφ− 1
4
gµν (∇ρφ∇ρφ+ V (φ)) − 2 [∇µ∇νf(φ)]R
+4 [∇µ∇ρf(φ)]R ρν + 4 [∇ν∇ρf(φ)]R ρµ − [∇ρ∇ρf(φ)] (4Rµν − 2Rgµν)
−4 [∇ρ∇σf(φ)]
(Rρσgµν −R ρ σµ ν )+ T (i)µν . (5)
Espeially if φ is onstant and the spaetime is de Sitter spae, where urvatures are (ovariantly) onstant, and if we
neglet the ontribution from the matter, Eqs(3) and (5) has the following form:
0 = V ′(φ) + f ′(φ)RGB2 , (6)
0 = −MPl
2
2
(
Rµν − 1
2
Rgµν
)
− 1
4
gµνV (φ) . (7)
The seond equation (7) is not hanged from the Einstein equation sine f(φ)RGB2 term beomes total derivative for
onstant φ.
In order to explain the idea of the Chameleon mehanism in the salar-Einstein-Gauss-Bonnet gravity, We now
onsider the following model as an instrutive example:
V (φ) = v0MPl
4+n φ−n e−αφ/MPl , f(φ) = f0 e
αφ/MPl . (8)
Here MPl is the Plank sale and α, n, v0, f0 are positive dimensionless parameters. Then in the model (8), there is
only one dimensional parameter, the Plank sale MPl. As we will see later, however, we need to hoose α > 10
15
so
that the orretion to the Newton law ould be small. We may regard L ≡MPl/α, whih appears in the exponential
funtion in (8), with another sale. We nd L = MPl/α ∼ 104GeV, whih ould orrespond to the sale of partile
physis and the sale is not so small ompared with the typial sale of the urrent aelerated expansion. Although
the model (8) does not ontain so small parameter, the very small sale orresponding to the value of the present
Hubble rate H0 ∼ 10−33 eV an be generated dynamially. We should note that the model (8) is not the ompletely
onsistent model as we will see later but it ould be enough to explain the idea of the Gauss-Bonnet Chameleon
mehanism.
In the following, for the usefulness of the alulations, we dene the following dimensionless variables:
ϕ ≡ φ/MPl , h ≡ H/MPl , R˜GB2 ≡ RGB2/MPl4 . (9)
3By using these variables, the equation orresponding to the FRW equation, whih is (µ, ν) = (0, 0) omponent of (5),
is given by
3 =
1
2
ϕ′2 + v0 h
−2 ϕ−n e−αϕ + 24 f0 αh
2 ϕ′ eαϕ . (10)
On the other hand, the equation for the salar eld (3) is given by
0 = ϕ′′ +
(
3 +
h′
h
)
ϕ′ − v0 αh−2
(
1 +
n
αϕ
)
ϕ−n e−αϕ + 24 f0 α
(
1 +
h′
h
)
h2 eαϕ . (11)
Here we denote the derivative with respet to ln a by ′ as d/d(ln a) = H−1 d/dt.
We now investigate if we an have a de Sitter spae solution, orresponding to the present aelerating universe by
solving (10) and (11). Sine we have h′ = 0 in de Sitter spae, by assuming the salar eld to be a onstant: ϕ′ = 0,
Eq.(10) has the following form:
3 = v0 h
−2 ϕ−n e−αϕ . (12)
On the other hand, Eq.(11) is redued to be
0 = −v0 h−2
(
1 +
n
αϕ
)
ϕ−n e−αϕ + 24 f0 h
2 eαϕ . (13)
The present value of the Hubble rate H0 ∼ 10−33 eV orresponds to h0 ∼ 10−60. If the Hubble rate is given by this
value h0 ∼ 10−60, we nd n≪ αϕ0. Then we an solve (12) and (13) with respet to ϕ0, v0 as follows,
ϕ0 =
(
1
α
ln
1
8f0h02
)[
1 +
1
n
O
((
1
n
ln
1
8f0h02
)−2)]
(14)
v0 =
3
8f0
(
1
α
ln
1
8f0h02
)n [
1 +
(
1
n
ln
1
8f0h02
)−1
+O
((
1
n
ln
1
8f0h02
)−2)]
. (15)
If we dene V0 as V0 ≡ v0MPl4+n, V0 has a mass dimension 4 + n. Then we may dene the mass sale orresponding
to V0 by M ≡ V 1/(4+n)0 = v01/(4+n)MPl. Then we nd
M ≃MPl
[
3
8f0
(
1
α
ln
1
8f0h02
)n]1/(4+n)
. (16)
Then when n ∼ 0, the magnitude of M is almost equal to that of the Plank saleMPl. We have found that the sale
of M , whih appear in the potential of the salar eld φ, ould be the order of the Plank sale although the small
sale orresponding to the Hubble rate of the present universe. In the following, we investigate how the parameter
ould be restrited by the ondition that the orretion to the Newton law should be small.
Sine the ation (1) ontains the salar eld φ, if the salar eld ouples with the matter, the propagation of φ
generates the orretion to the Newton law. The strength of the oupling ould be the order of the inverse of the
Plank sale MPl and therefore rather small but if the mass of φ is small, the orretion ould be the same order of
the Newtonian fore and annot be negleted. In the bulk of the universe, the mass ould be the order of the present
Hubble rate H0 ∼ 10−33 eV and very small. For salar-tensor theories, in order to avoid this problem, the so-alled
Chameleon mehanism is proposed [25℄, where the mass of the salar eld φ ould depend on the matter density or
salar urvature. The mass of φ beomes muh larger in the solar system or on the earth than in the bulk of the
universe and the orretion to the Newton law ould beome negligible. Here, we propose another kind of Chameleon
mehanism, where the oupling of the salar eld with the Gauss-Bonnet invariant makes the mass larger in the solar
system or on the earth.
We now investigate how the Chameleon mehanism ould work in this model and how restrit the magnitude of
the mass sale L = MPl/α. We now hek how the orretion to the Newton law ould be suppressed on the earth.
Even in the solar system, the orretion ould be also suppressed. On the earth, the equation of the salar eld (3)
has the following form:
0 = −v0
(
1 +
n
αϕ
)
ϕ−n e−αϕ + f0 e
αϕ R˜GB2 . (17)
4Sine we have R˜GB2 ∼ 10−180 on the earth, we nd n≪ αϕE and we an approximate (17) as follows:
ϕE =
1
2α
{
ln
[
v0
f0R˜GB2
(
1
2α
ln
v0
f0R˜GB2
)−n]
− ln
(
1
2αϕE
ln
v0
f0R˜GB2
)−n
+O
(
n
αϕE
)}
. (18)
Sine the seond term in (18) is muh smaller than the rst term, we obtain the following expression in the mass of
the salar eld:
mφ ≡
{
1
2
d2
dφ2
(V (φ) + f(φ)RGB)
}1/2
= MPl α
{
v0
[
1 +
n
αϕE
+
n (n+ 1)
α2ϕE2
]
ϕE
−n e−αϕE + f0 e
αϕE R˜GB2
}1/2
≃ MPl α
[
4f0v0R˜GB2
(
1
2α
ln
v0
f0R˜GB2
)−n]1/4
. (19)
By using this equation (19) and (15), we nd
mφ ≃MPl α
(
3
2
R˜GB2
)1/4(
ln
1
64f02h04
/
ln
v0
f0R˜GB2
)n/4
. (20)
Sine ln 164f02h04
/
ln v0
f0R˜GB2
∼ O(1), the n-dependene of the mass mφ is small and we nd
mφ ∼ α× 10−18 eV . (21)
In order that the orretion to the Newton law ould be small, the Compton length of the salar eld, whih is the
inverse of the mass of the salar eld, should be smaller than 1mm (or 1µm), whih orresponds to mφ ∼ 10−3 eV
(or mφ ∼ 1 eV). Then we nd α > 1015 (or α > 1018) and L = MPl/α ∼ 104GeV (or 10GeV). Then we obtain a
model, where appearing a very small sale orresponding to the sale of the aeleration of the present universe or H0
and the orretion to the Newton law ould be small. More detailed analysis will be given in Se.IV.
In the Chameleon mehanism for the salar-tensor theory [25℄, if we observe the salar mode in the vauum hamber,
where any matter does not exist inside and therefore the salar urvature vanishes, the mass of the salar mode beomes
very small and the orretion to the Newton law ould be observed, even on the earth. We should note that the salar
urvature and the Rii tensor vanish in the vauum but the Riemann tensor and therefore the Gauss-Bonnet invariant
do not vanish near the earth or in the Solar System, even in the vauum. Therefore in the senario proposed here,
the salar mode is massive even in the vauum and the orretion to the Newton law ould be small.
III. (IN)STABILITY OF DE SITTER SOLUTION AND INFLATION
We now onsider the ase that there appear another de Sitter spae solution beside the solution orresponding to
the present asymptotially de Sitter spae in (14). In ase suh a de Sitter solution exists, the solution may desribe
the ination in the early universe although the previous solution given by (14) and (15) desribes the aeleration of
the present universe.
By deleting h from Eqs.(12) and (13), we obtain an equation for ϕ:(
1 +
n
αϕ
)
ϕn =
8
3
f0v0 . (22)
Then if 0 < n < 1, there are two solutions. One solution, whih is denoted by ϕ0, orresponds to the previous one in
(14) and (15). We denote another solution by ϕ1. If n ∼ 0, we obtain
ϕ1
n ≃ 1 + n lnϕ1 , 8
3
f0v0 ≃ 1 + n
[
ln
(
1
α
ln
1
8f0h02
)
+
(
ln
1
8f0h02
)−1]
, (23)
and therefore
ϕ1 ≃ 1
α
{
ln
[(
ln
1
8f0h02
)
ln
(
ln
1
8f0h02
)]
+ ln
[
αϕ1 ln
(
ln
1
8f0h02
)]−1
+
(
ln
1
8f0h02
)−1}−1
. (24)
5Sine the seond term in (24) is muh smaller than the rst term, we obtain the following expression of the Hubble
rate H :
h1 ≃
(
1
8f0
)1/2
exp
{
−2 ln
[(
ln
1
8f0h02
)
ln
(
ln
1
8f0h02
)]}−1
, (25)
whih gives h1 ∼ 0.3 independent from α and n, and therefore h1 ould be almost the Plank sale. Therefore h1 may
orrespond to the large Hubble rate orresponding to the ination of the early universe. We should also note that
ϕ1 ≪ 1 although ϕ0 ≫ 1.
Now we onsider the ase n ∼ 1. Then we nd n≫ αϕ1 and Eq.(22) an be solved with respet to ϕ1 as
ϕ1 ≃
(
8f0v0α
3n
)−1/(1−n)
≃ 1
α
{
1
n
(
ln
1
8f0h02
)n [
1 + n
(
ln
1
8f0h02
)−1]}−1/(1−n)
≃ 1
α
exp
{
−1− n
1− n
[
ln
(
ln
1
8f0h02
)
+
(
ln
1
8f0h02
)−1]}
. (26)
Then the Hubble rate is given by
h1 ≃
(
1
8f0
)1/2
exp
{
1
2
+
n
2 (1− n)
[
ln
(
ln
1
8f0h02
)
+
(
ln
1
8f0h02
)−1]}
. (27)
Sine h0 ∼ 10−60, h1 diverges when n→ 1. Then if we ne-tune the value of n, we may obtain the large Hubble rate
orresponding to the ination.
We now investigate the instability of the de Sitter solution. We onsider the perturbation around the de Sitter
solution as
ϕ = ϕi + δϕ , h = hi + δh (i = 0, 1) . (28)
Then Eq.(10) has the following form:
3 = v0 hi
−2 ϕi
−n e−αϕi
[
1− 2 δh
hi
− α
(
1 +
n
αϕi
)
δϕ
]
+ 24 f0 αhi
2 eαϕi δϕ′ (29)
and Eq.(11) gives
0 = δϕ′′ + 3 δϕ′
−v0 αhi−2
(
1 +
n
αϕi
)
ϕi
−n e−αϕi
{
1− 2 δh
hi
− α
[
1 +
n
αϕi
+
n
α2ϕi2
(
1 +
n
αϕi
)−1]
δϕ
}
+24 f0 αhi
2 eαϕi
(
1 +
δh′
hi
+ 2
δh
hi
+ α δϕ
)
. (30)
Sine ϕi and hi satisfy Eqs.(12) and (13), Eq.(29) an be rewritten as
0 = 2
δh
hi
− α
(
1 +
n
αϕi
)
(δϕ′ − δϕ) (31)
and Eq.(30) has the following form:
0 = δϕ′′ + 3 δϕ′ + 3α
(
1 +
n
αϕi
){
δh′
hi
+ 4
δh
hi
+ α
[
2 +
n
αϕi
+
n
α2ϕi2
(
1 +
n
αϕi
)−1]
δϕ
}
. (32)
By using Eqs.(31) and (32) and deleting δh and δh′, we obtain the linear dierential equation:
0 = δϕ′′ + 3 δϕ′ − 3α2
[
n
αϕi
+
n (n− 1)
α2ϕi2
] [
1 +
3
2
α2
(
1 +
n
αϕi
)2]−1
δϕ . (33)
6We now assume δϕ ∝ eλi lna. Then we nd
λi = λ
±
i ≡ −
3
2
± 3
2
{
1 +
4
3
α2
[
n
αϕi
+
n (n− 1)
α2ϕi2
] [
1 +
3
2
α2
(
1 +
n
αϕi
)2]−1}1/2
. (34)
If the real part of λi is positive, the perturbation beomes large, whih tells that the solution is unstable. Sine λ
−
i
in (34) is always negative, we now investigate λ+i .
In the de Sitter solution ϕ0 and h0 orresponding to the present universe in (14) or (15), if we assume α ≫ 1, by
using (14), we nd
λ0 ≃ 2
3
n
(
ln
1
8f0h02
)−1
, (35)
whih is negative and therefore the solution is unstable. The instability is, however, very small. In fat, the variation
of the sale fator a, whih beomes larger by e-times, is given by
N ≡ ln aF
aI
∼ 4.1× 10
2
n
, (36)
whih orresponds to 6 × 103/nGyr and very large if we use the value of the Hubble rate in the present universe.
Then the de Sitter universe solution orresponding to the present universe ould be almost stable.
On the other hand, for another de Sitter solution ϕ1 and h1 in (24), when n ∼ 0, we nd
λ1 ≃ −2
3
n
{
ln
[(
ln
1
8f0h02
)
ln
(
ln
1
8f0h02
)]}{
ln
[(
ln
1
8f0h02
)
ln
(
ln
1
8f0h02
)]
− 1
}
. (37)
When n ∼ 1, sine n≫ αϕ1, we nd
λ1 ≃ −2
3
(1− n) . (38)
In both of ases n ∼ 0 and n ∼ 1, λ1 is always positive and de Sitter solution is always stable.
Sine the Hubble rate h1 is large and the Plank sale in the solution (24), the solution might desribe the ination.
As we have seen in (37) or (38), however, the solution is stable and therefore the ination ould be eternal. In order to
make an exit from the ination, we may add the following term with salar eld ζ oupled with the salar urvature,
to the ation (1):
∆S =
∫
d4x
√−g
{
−1
2
∂µζ∂
µζ + cζR
}
. (39)
Here c is a onstant. By the variation with respet ζ, we obtain
ζ + cR = 0 . (40)
or ζ = −c−1R. Therefore the ation (39) is equivalent to the non-loal ation:
∆S =
∫
d4x
√−g
{
−c
2
2
R−1R
}
. (41)
Note that similar non-loal ation for GB invariant leads to one (several) salar-Gauss-Bonnet gravity (see [23℄). In
the FRW universe, if we assume ζ only depends on t or ln a, Eq.(40) has the following form:
0 = ζ′′ +
(
3 +
h′
h
)
ζ′ − 6c
(
h′
h
+ 2
)
. (42)
We assume that ∆S ould be very small at the beginning of the universe. Then we now onsider the time-development
of ζ in the de Sitter bakground. In the de Sitter spae, where R = 12H21 (H1 = h1MPl), ζ an be solved as
ζ = 4c lna− ζ1a−3 + ζ2 . (43)
7Here ζ1 and ζ2 are onstants of the integration. Eq.(43) tells that ζ beomes larger by the expansion of the uni-
verse. Then the magnitude of ∆S in (39) ould beome larger and dominant. When ∆S is dominant, the equation
orresponding to the FRW equation has the following form:
6
κ2
= (ζ′)
2 − 12cζ′ − 12cζ . (44)
If we hange the variable ζ to η as
ζ = −3c+ 1
2cκ2
+
1
12c
(η − 6c)2 , (45)
Eq.(44) an be rewritten as
(η − 6c) η′ = 6cη , (46)
whih an be solved and we nd
η
6c
− ln η
η0
= ln a or η = 0 . (47)
Here η0 is a onstant of the integration. Eq.(47) has two branhes, that is, a value of ln a orresponds to two values
of η. If we assume the rst term in the solution in (47) dominates for large a, by using (45), we nd
η ∼ 6c lna . (48)
Then by solving (42) with respet to h, we nd h ∝ a−3 or a ∝ t1/3. On the other hand, if the seond term in (47)
dominates, we nd η → 0, whih orresponds to the seond solution η = 0 in (47). In this ase, we nd h ∼ a−2 or
a ∝ t1/2. In any ase, the Hubble rate H is proportional to 1/t and therefore R is proportional to 1/t2. Then the
urvature beomes smaller and the de Sitter phase or ination will stop. Typially the de Sitter phase ould stop
when the order of magnitude of ∆S beomes that of the Einstein-Hilbert ation, that is, typially R/2κ2 ∼ cζR. By
using (43), we nd cζ ∼ 1/κ2 ∼ MPl2. Then from (43), we nd that the suiently large e-folding as 50-60 ould
be obtained if MPl/c ∼ 20. When ∆S dominates, R behaves as 1/t2 and therefore RGB ∼ R(0)GB/t4 with a onstant
R(0)GB. The value of the salar eld φ is given by the minimum of the eetive potential V (φ) + f(φ)RGB, that is
0 = V ′(φ) + f ′(φ)RGB2 ∼ V (φ) + f(φ)R
(0)
GB
2
t4
, (49)
whih ould be solved, by using (8), as
φ ∼ 4MPl
α
ln
t
MPl
. (50)
Then the value of φ beomes larger and therefore the value of the (eetive) potential beomes smaller, whih may
generate the reheating and there ould our the partile prodution by the osillation of φ around the minimum
of the eetive potential. Then universe may go into the matter dominated phase. Even in the matter dominated
phase, the salar urvature R is proportional to 1/t2 and therefore the value of the salar eld φ beomes larger and
larger and nally the de Sitter solution with the small Hubble rate orresponding to (14) ould be realized and the
aelerating expansion of the present universe ould our. For more quantitative arguments, we may need numerial
alulations, whih ould be a future work.
Let the value of ζ = ζ0 in the present universe. By writing ζ as ζ = ζ0 + δζ, the ation in the present universe has
the following form:
Stotal =
∫
d4x
√−g
{(
1
2κ2
+ cζ0
)
R− 1
2
∂µδζ∂
µδζ + cδζR + φ and Gauss-Bonnet terms
}
. (51)
Then we may identify the present gravitational oupling κpresent as
1
2κ2present
=
1
2κ2
+ cζ0 . (52)
If we hoose the parameter as before 1/cκpresent ∼ O(10), the time-development of the salar eld ζ is very small
sine the value of O(10)) of the e-folding orresponding to about one hundred of billion years. Then dierent from
the ase of the time-development of ζ in the ination of the early universe, the time-development of ζ in the present
universe is very slow and asymptoti de Sitter universe will ontinue about one hundred of billion years.
8IV. EÖTVÖS EXPERIMENT AND CORRECTION TO NEWTON LAW
We now investigate if the model ould satisfy the onstraint from Eötv ös experiment and the Newton law. Although
the orretion oming from the salar eld ould be small sine the mass m of the salar eld an be large, the point
soure shifts the magnitude of the Gauss-Bonnet invariant. Sine the salar eld φ oupled with the Gauss-Bonnet
invariant, the salar eld φ itself ould be shifted and another orretion to the Newton law ould be generated.
First we mention about Eötvös experiment. Sine the Gauss-Bonnet invariant RGB slowly hanges with the radius
oordinate r ompared with the mass m of the salar eld φ,
∣∣d lnRGB2/dr∣∣ ≪ m, we an neglet the term oming
kineti term in the salar eld equation (3) and the radius r dependene of φ ould be determined by the minimum
of the eetive potential Veff = V (φ) + f(φ)RGB(r)2:
0 = V ′ (φ(r)) + f ′ (φ(r))RGB⊕(r)2 . (53)
If we assume the strength of the oupling of φ with matter of kind i is given by βi/MPl, the magnitude of the fore
Fi oming from the salar eld ould be given by
Fi ∼ βiMi
MPl
dφmin
dr
∣∣∣∣
r=R⊕
. (54)
We now dene the Eötvös parameter η by
η ≡ 2 |a1 − a2|
a1 + a2
∼ 8pi |β1 − β2|MPlR⊕
2
M⊕
dφmin
dr
∣∣∣∣
r=R⊕
(55)
Here M⊕ is the mass of the earth.
Before investigating how the model (8) an satisfy the onstraint for the Eötvös parameter η from the experiment,
we onsider how we should investigate the orretion to the Newton law between the two massive point partiles on
the earth. The orretion an be found by onsidering the utuation δφ of around the bakground value φ⊕ of the
salar eld φ:
φ = φ⊕ + δφ . (56)
Here as in (53), φ⊕ ould be determined by
0 = V ′ (φ⊕) + f
′ (φ⊕)R2GB⊕ . (57)
We assume the distane between two partiles is suiently short ompared with the length sale of the earth. Then
φ⊕ ould be regarded to be onstant. Then RGB2 ould be given by the of ontributions from the earth and one of
point partiles:
RGB2 = R2GB⊕ +
3M2i
4pi2MPl4r6
. (58)
Here r is the distane from the point partile. Then from (3), we nd
(∇2 −m⊕2) δφ = 3f ′ (φ⊕)M2i
4pi2MPl4r6
+
βiMi
MPl
δ(3) (r) . (59)
Here the mass m⊕
2
of the salar eld on the earth is given by
m⊕
2 ≡ V ′′ (φ⊕) + f ′′ (φ⊕)R2GB⊕ . (60)
Then by assuming m⊕
2
is large enough, that is,
∣∣d lnRGB2/dr∣∣ ≪ m⊕, we an solve Eq.(59) with respet to δφ as
follows,
δφ(r) =
∫
d3r
[
3f ′ (φ⊕)M
2
i
4pi2MPl4r6
+
βiMi
MPl
δ(3) (r)
]
e−m⊕|r−r′|
4pi |r − r′|
∼ βiMi
MPl
δ(3) (r)
e−m⊕r
4pir
+
3f ′ (φ⊕)M
2
i
4pi2MPl4r6
∫
d3r
e−m⊕|r−r′|
4pi |r − r′|
=
βiMi
MPl
δ(3) (r)
e−m⊕r
4pir
+
3f ′ (φ⊕)M
2
i
4pi2MPl4m⊕2r6
. (61)
9Then the potential between the two partiles ould be given by
V ∼ β1β2M1M2
4piMPl2
e−m⊕r
r
+
3f ′ (φ⊕)M1M2 (M1 +M2)
8pi2MPl5m⊕2r6
. (62)
Then the ratio between the orretion and the Newton fore ould be given by
α ∼ 2β1β2e−m⊕r + 3f
′ (φ⊕) (M1 +M2)
piMPl3m⊕2r5
. (63)
For our model (8), we nd
φ⊕ ∼ L
2
ln
[
M4
f0R2GB⊕
(
L
2M
ln
M4
f0R2GB⊕
)−n]
. (64)
Here L ≡MPl/α and the mass ould be given by
m2⊕ =
M4+n
L2
[
1 +
2nL
φ⊕
+
n(n+ 1)L2
φ⊕2
]
φ⊕
−ne−φ⊕/L +
f0
L2
eφ⊕/LRGB2 ∼ 2M
2
L2
[
f0RGB2
(
L
2M
ln
M4
f0RGB2
)−n]1/2
,
(65)
whih an be rewritten, by using (16), as
m⊕
2 ∼ Mpl
L
[
3
2
RGB2
(
ln
MPl
4
64f20H
4
0
/
ln
M4
f0RGB
)n]1/4
∼ Mpl
L
(
3
2
RGB2
)1/4
. (66)
By assuming that the Gauss-Bonnet invariant ould be given by the Shwarzshild metri of the earth,
RGB2 ∼ 3M⊕
2
4pi2MPl4r6
, (67)
the Eötvös parameter η in (55) ould be given by
η ∼ 4pi |β1 − β2|MPlR⊕L
M⊕
. (68)
In order to satisfy the onstraint η < 10−13 from the experiment, sineMPl ∼ 1027eV,M⊕ ∼ 1060eV, R⊕ ∼ 1013eV−1,
and |β1 − β2| . 10−4, we nd
L . 10GeV . (69)
On the other hand, in the ratio between the orretion and the Newton fore in (63), the rst term ould be estimated
by requiring m⊕ & 10
−2eV as in (21) and using R2GB⊕ ∼ 10−71eV4, we nd
L . 103GeV , (70)
whih orresponds to the results after (21). When the seond term in (63) dominates, we obtain
α ∼ LM
2 (M1 +M2)
piMPl5r5R2GB⊕
[
6f0
(
L
2M
ln
M4
f0R2GB⊕
)−n]1/2
. (71)
In order to satisfy the onstraint α . 10−2 from the experiments, sine Mi ∼ 1034eV and r ∼ 104eV−1 in the
experiments, we nd the strongest onstraint:
L . 10−6eV when n ∼ 0 . (72)
The obtained sale L is muh larger than the sale of the Hubble rate in the present universe, H0 ∼ 10−33eV but
muh smaller than the Plank sale or the sale of the partile physis.
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We should note that there is one more problem. The eetive potential Veff ould be estimated to be
Veff (φ⊕) ∼MPl2
[
3
2
RGB2
(
ln
MPl
4
64f20H
4
0
/
ln
M4
f0RGB
)n]1/2
∼M2pl
(
3
2
RGB2
)1/2
. (73)
The eetive potential Veff plays the role of the osmologial onstant, this gives a ontribution to the Gauss-Bonnet
invariant in addition to the ontribution from the Shwarzshild metri of the earth. Then when we inlude the
ontribution, Eq.(67) is replaed by
RGB2 ∼ 3M⊕
2
4pi2MPl4r6
+
8
3
Veff (φ⊕)
MPl4
∼ 3M⊕
2
4pi2MPl4r6
+ 4RGB2 , (74)
whih tells RGB2 ould be negative. When RGB2 is negative, Eq.(57) has no solution. The problem ould our by
the behavior of f(φ in our model (8). In order to have a solution in (6) or (13), f(φ) must be large sine the urvature
in the bulk spae is very small. In the bulk, the value of φ is large. In our hoie of f(φ) in (8), f(φ) is still large even
on the earth, where φ is smaller than the value in the bulk, and we obtained (74). This problem is also related with
the strong onstraint in (72). In order to solve this problem, we may hoose f ∝ eα(n)φn/MPl with a positive onstant
α(n). In this hoie, f(φ) ould beome large more rapidly for large φ, whih ould orrespond to the bulk spae and
relatively, f(φ) ould beome muh smaller for the urvature on the earth.
V. SUMMARY
We have proposed an extension of the Chameleon mehanism where the salar mode in the salar-Einstein-Gauss-
Bonnet gravity model beomes massive due to the oupling with the Gauss-Bonnet term and therefore the orretion
to the Newton law ould be small. Sine the Gauss-Bonnet invariant does not vanish near the earth or in the Solar
System, even in the vauum, the salar mode is massive even in the vauum and the orretion to the Newton law
ould be small. We have also disussed about the possibility that the model ould desribe simultaneously the ination
in the early universe, in addition to the urrent aelerated expansion.
We have also disussed about the possibility that the model ould desribe simultaneously the ination in the early
universe, in addition to the urrent aelerated expansion. If we hoose 0 < n < 1 in the potential of (8), there appear
two de Sitter spae solutions. In one of the solution, the Hubble rate is the order of the Plank sale and very large.
The solution with the large Hubble rate ould be identied with the ination. In order to make an exit from the
ination, we may add a small term given by another salar eld oupled with the salar urvature, whih ould be
equivalent to the non-loal ation and generates the instability of the de Sitter solution. The added term is relevant
only in the epoh of the ination but irrelevant to the present aelerating universe. The osillation of the salar
eld may generate the reheating of the universe. In string-inspired gravity with higher order terms there are R3 and
R4 terms, et. oupled with dilaton and/or with other salars. It would be interesting to estimate the role of suh
higher-order terms to hameleon mehanism.
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